Pediatr. Res. 15: 229-234 (198 The crude cofactor preparations isolated from the two types of leukocyte extracts were interchangeable with the leukocyte myosins. When ALM cofactor was added to a P M N actomyosin complex, the Mg"-ATPase activity of the P M N myosin was 3-fold higher than with ALM cofactor and its own actomyosin complex. In contrast, PMN cofactor did not enhance ALM actomyosin Mg++-ATPase activity beyond that observed with ALM cofactor and ALM actomyosin. Cofactor protein from the PMN was further purified on a DEAE-Sephagel column. After electrophoresis on sodium dodecyl sulfate-polyacrylamide gel, the isolated fraction weighed 70,000 daltons. This fraction stimulated the actinmediated myosin Mg++-ATPase. In the presence of Mg++ and ly32PJATP, the 70,000 dalton protein phosphorylated the 20,000 dalton light chain of PMN myosin, leading to the incorporation of 0.62 + 0.09 moles of Pi per mole myosin. O n the basis of these results, we propose that phagocytic cofactor is a kinase which regulates the enzymatic activity of phagocytic cell myosin.
Summary
T o investigate the regulation of actin-myosin interaction in rabbit phagocytic cells, purified myosin and a partially purified cofactor protein were obtained from polymorphonuclear leukocytes (PMN) and alveolar macrophages (ALM) by molecular sieve filtration over an agarose column. ALM cofactor enhanced the Mg++-ATPase activity of ALM myosin by actin to 0. 15 The crude cofactor preparations isolated from the two types of leukocyte extracts were interchangeable with the leukocyte myosins. When ALM cofactor was added to a P M N actomyosin complex, the Mg"-ATPase activity of the P M N myosin was 3-fold higher than with ALM cofactor and its own actomyosin complex. In contrast, PMN cofactor did not enhance ALM actomyosin Mg++-ATPase activity beyond that observed with ALM cofactor and ALM actomyosin. Cofactor protein from the PMN was further purified on a DEAE-Sephagel column. After electrophoresis on sodium dodecyl sulfate-polyacrylamide gel, the isolated fraction weighed 70,000 daltons. This fraction stimulated the actinmediated myosin Mg++-ATPase. In the presence of Mg++ and ly32PJATP, the 70,000 dalton protein phosphorylated the 20,000 dalton light chain of PMN myosin, leading to the incorporation of 0.62 + 0.09 moles of Pi per mole myosin. O n the basis of these results, we propose that phagocytic cofactor is a kinase which regulates the enzymatic activity of phagocytic cell myosin.
instances of other nonmuscle cells, actin activation of the Mgi+-ATPase activity occurs only after phosphorylation of the 20,000-dalton light chain by specific kinases (I, 5, 8, 26) .
In this paper, we report the isolation and purification from rabbit PMN of a cofactor protein shown to a protein kinase which is responsible for phosphorylating the PMN myosin light chain. We also report on the interchangeable activity of crude cofactor protein isolate from PMN and ALM with the respective leukocyte myosins.
EXPERIMENTAL PROCEDURE MATERIALS A N D METHODS
Adenosine 5'-triphosphate (ATP), dithiothrietol (DTT), TrisBase, Tris-HCI, and Tris-maleate were purchased from Sigma Chemical Company (St. Louis, MO). Agarose, sodium dodecyl sulfate, acrylamide, and bis-acrylamide were purchased from BioRad Laboratories (Richmond, CA). Ammonia persulfate was purchased from Fischer Scientific Company (Cincinnati, OH), and ultrapure urea was purchased from Schwartz-Mann (Ogangeburg, NY). DEAE-Sephacel was obtained from Pharmacia Fine Chemicals Company (Piscataway. NJ). Other chemicals were reagent grade, and deionized water was used throughout the studies.
CELL PREPARATION Speculation PMN. Three to eight white New Zealand albino rabbits received intraperitoneal injections of 100 ml of sterile 12% caseinate in 0. 15 The identification of actin, myosin, and related protein in eu-M NaCl (20) . Sixteen to 20 hr later, the animals were sacrificed, karyotic cells raises questions a s to the mechanisms involved in and exudate cells were washed out of the peritoneal cavities with the control of these proteins. The results obtained in this study 0.15 M NaCl at 2 5 0~ and suspended in 0.34 M sucrose, 20 mM indicate that phosphorylation of the 20,000 daltons light chain may Tris-HCI, PH 7.0, 10 mM DTT, and 0.5 mM ATP (22) . The cells have a crucial role in regulating actin-myosin interaction in phagwere disrupted in a chilled Dounce homogenizer with a tightocytic cells.
fitting pestle. Homogenates were prepared according to the method of Stossel and Pollard (22) The supernatant containing myosin was concentrated to 0.5 mg to 1 mg/ml, and the ionic strength was lowered to 30 mM KC1 by dialysis against 20 mM Tris-HCI, pH 7.2-30 mM KCI-I mM EDTA-0.2 mM DTT for determination of enzymatic activity.
FURTHER PURIFICATION OF COFACTORS ON DEAE-SEPHACEL CHROMATOGRAPHY
The second protein peak ( Fig. 1, bars) obtained from the BioGel A-15 m column and containing cofactor activity was pooled and centrifuged at 100,000 x g at 4OC for 3 hr. The supernatant was concentrated and dialyzed against the starting buffer (20 mM Tris-HC1, pH 8.0-1 mM DTT-0.34 M sucrose) before applying to the column (2.5 x 10 cm) of DEAE-Sephacel and eluted with a linear gradient of KCI. The effluents were collected and measured by absorption at 280 nm in a Gilson Recording UV Column Monitor (Gilson Medical Electronics, Inc.). The purified cofactor activity obtained from the ion-exchange wlumn of DEAE-Sephacel was assayed, and the fractions were pooled and dialyzed against the starting buffer containing 50 mM KC1 and then concentrated in dialysis sac by polyethylene glycol and stored at -20°C until used.
ASSAY OF MYOSIN ATPase ACTIVITY
Assays were performed at 37OC in 1.0 ml of 0.6 M KCI-I. I mM ATP, 20 mM Tris-maleate buffer solution, pH 7.0 with either 2 mM EDTA, 5 mM CaCI2, or 5 mM MgClz present for determination of K+-EDTA activated, K'-Ca" activated and K'-Mg'+-ATPase activity, respectively (22) . The amount of inorganic phosphate released during the reaction was determined by a previously described method (3) . The conditions for the measurement of Mg"-dependent actin activation ATPase activity were 20 mM KCI-1.0 mM ATP-2 mM MgClZ-20 mM Tris-maleate buffer, pH 7.0, at 37OC. For determination of cofactor (kinase) activity, the reaction mixture consisted of 0. l mg/ml F-actin, 0.015 mg/ml or 0.02 mg/ml myosin and 0.1 ml of column fraction as described in the respective legends. The crude and purified cofactor activities are expressed by the increase in specific activity of myosin ATPase as pmoles P,/min/mg myosin protein.
GEL ELECTROPHORESIS
Samples of PMN, ALM myosin, and PMN myosin kinase (purified cofactor) were denatured with sample buffer (0.01 M sodium phosphate buffer, pH 7.0, containing 1% sodium dodecyl sulfate (SDS) and 1% mercaptoethanol) in boiling water for 5 min and applied to cylindrical 7.5% acrylamide gels (5 x 75 mm) containing 0.1% SDS according to the method of Weber et al. (24) . Standard proteins of known molecular weight (Bio-Rad Laboratories), were used to calibrate the gel columns for determining the molecular weight of unknown proteins (7) .
PHOSPHORYLATION ASSAY
Phosphorylation of PMN myosin was carried out at 37OC using a procedure similar to that described by Scordilis and Adelstein (18) , and Hesketh et al. (9) . The reaction mixture (total volume ) and of cofactor activity (-) are indicated. The Mg"-ATPase activity of 0.015 mg rabbit PMN myosin and 0.18 rng/ml were assayed in the presence of added wlumn fractions to determine the cofactor activity as pmoles P, per mg myosin per min. VO, void volume.
RESULTS
10% trichloroacetic acid-2% NasPs07. The radioactivity associated trophoretic analysis of the phosphorylated mixture, the reaction with the precipitated protein was measured according to the was terminated by addition of I ml 2% SDS and 1% Na4P207. method of Weller et al. (25) . The sites of phosphorylation were Then the samples were dialyzed against a solution of 0.2 M NaCIdetermined by SDS gel electrophoresis. In experiments with elec-0.1 M NaCl and deionized water for a total of 30 hr, renewing the solution as needed. Samples were then heated for 5 min at 100°C in the presence of 10% mercaptoethanol and 1% SDS and subjected to SDS polyacrylamide gel electrophoresis. At the completion of the electrophoresis, the gels were cut or subsequently stained with Coomassie brilliant blue R-250, destained, and scanned at 550 nm or cut into 3 mm slices with a gel cutter and transferred to a scintillation vial; 0.5 ml of 30% H 2 0 2 was added and the vials containing the gels were heated at 50°C for 12 hr in a shaking water bath to dissolve the gel. Scintillation (Aquasol-2: New England Nuclear. Boston. MA) solution was added to the vials. and the samples were counted.
ISOLATION
Extracts of PMN and ALM were purified by ammonium sulfate fractionation and chromatography of the 20 to 50% ammonium sulfate fraction was performed on Bio-Gel A-15 m twice. The yield of purified PMN and ALM myosin was 4.6 + 0.8 and 7 + 1.5 mg (mean + S.D.) per g of total cell protein for seven and three isolations, respectively. Like other myosins. purified PMN and ALM myosin had ATPase activity which was inhibited by Mg": 30 + 6 and 15 + 5 nmoles P,/min/mg protein but activated by K'-EDTA: 160 + 26 and 102 + 12 nmoles P,/min/rng protein.
respectively. The purity and subunit composition of purified PMN and ALM myosin were assessed by polyacrylamide gel electrophoresis in the presence of SDS. Myosins derived from both types of leukocytes consisted of one major band which comigrated with the heavy chain of muscle myosin (molecular weight. 200.000 daltons) and two other bands which possessed molecular weight of 20.000 and 16.000 daltons, respectively (Fig. 2. A and B) .
Rabbit skeletal muscle F-actin activated the Mg"-ATPase activity of purified rabbit PMN and ALM myosins if an additional cofactor, partially purified from the 20 to 50% saturated ammonium sulfate fraction of leukocyte extract supernatants on Bio-Gel A-15 m columns was added to the actomyosin (Figs. I and 3 ). In the presence of the respective cofactors, rabbit skeletal muscle Factin increased the Mg"-ATPase activity of purified rabbit PMN and ALM myosin by I I-and 8.5-fold. respectively (Table I) cyte extracts were interchangeable with the leukocyte myosins. When ALM cofactor was added to a PMN actomvosin c o m~l e x . it enhanced the Mg"-ATPase activity of the PMN myosin by 3-fold greater than seen with the ALM cofactor and its own actomyosin complex. In contrast. addition of PMN cofactor did not enhance macrophage actomyosins Mg"-ATPase activity beyond that observed with ALM cofactor and ALM actomyosin ( Table  2) .
Cofactor protein obtained from the PMN was further purified on DEAE-Sephacel at 4°C (Fig. 4) . It was necessary to further purify crude cofactor within 5 days as its activity was lost after that time. It was found that the fraction after chromatography on DEAE-Sephacel was completed devoid of K'-EDTA ATPase activity. Electrophoresis of this relatively pure fraction on SDSpolyacrylamide gels confirmed this observation by showing no evidence of the 200.000-dalton heavy chain of myosin. (Fig. 5) . Table I 
The concentrations of myosin and F-actin proteins in the ATPase assay were 0.02 and 0.1 mg/ml, respectively, and cofactor protein concentration was 0.1 mg/ml.
As shown in Figure 6 . the activation of PMN myosin Mg"-ATPase activity in the presence of rabbit skeletal F-actin by the 70.000-dalton protein was sigmoidal. The degree of activation of Mg"-ATPase activity of PMN actomyosin was similar to that observed with the addition of crude cofactor. In the absence of Mg", the 70,000-dalton protein failed to enhance the activity of actomyosin. The Mg"-dependent ATPase activity was not sensitive to removal of trace Ca" by EGTA (data not shown).
PHOSPHORYLATION
To establish that the 70.000-dalton protein was a kinase, phosphorylation of PMN myosin was monitored (Fig. 7) . In the presence of Mg" and y-labeled AT '"q, phosphorylation of the 20.000-dalton light chain was observed. Further evidence that the myosin fraction was labeled with y -' '~ was obtained by observing the transfer of the y-phosphate into trichloroacetic acid precipitable material. After a 30-min incubation. 0.62 + 0.09 mole of Table 2 . phosphate was incorporated to each mole of myosin. Without the 70,000 dalton protein present. no incorporation of y:'"P into trichloroacetic acid-precipitable material and sliced SDS-polyacrylamide gel was observed.
DISCUSSION
Several previous reports have established that the 20,000-dalton light chain of myosin from nonmuscle sources ( 1 . 5. 8. 26) and smooth muscle cells ( I I ) can be phosphorylated. Phosphorylation of the 20,000-dalton light chain is necessary for actin-induced activation of myosin Mg"-ATPase activity ( I I). Studies with platelet, hamster, kidney. and brain light chain kinases have demonstrated that the enzyme is sensitive to Ca" and the calciumbinding protein calrnodulin (5. 8. 26 ). Other studies are in conflict with respect to the properties of the platelet kinase by concluding that the enzyme is not dependent on Ca" for its activity (6) .
The present study indicates that a C a t '-insensitive myosin light chain kinase exists in rabbit PMN. It has a molecular weight of approximately 70.000. determined by polyacrylamide-SDS gel electrophoresis. This molecular weight is 10,000 less than that reported for a Ca''-insensitive platelet myosin kinase (6) .
The PMN myosin kinase is derived from the supernatant containing crude cofactor protein activity. Stossel and Hartwig (21) originally described a crude cofactor protein capable of activating myosin Mg'+-ATPase activity in rabbit alveolar macrophages which was not influenced by Ca" ions. We confirmed their observations and found that the crude cofactor proteins isolated from both PMN and ALM were interchangeable in their activities with the respective cell myosins. Although the leukocyte crude cofactor proteins could potentiate the myosin Mg++-ATPase activities of the leukocyte~myosins, the PMN myosin consistently demonstrated more enzymatic activity than did ALM myosin. Whether this is an actual property of PMN myosin that could account for the enhanced motile and phagocytic responses of PMN compared to ALM needs to be further explored. Vertebrate fast and slow skeletal muscles are composed of fibers whose myosin is enzymatically and structurally distinct from each other (16) . Enzymatically fast myosin is distinguishable from slow myo-sin by severalfold higher specific actin-activated Mgt+-ATPase activity, which appears to correlate with light chain stoichiometry ( 16) . No apparent difference, however, in the light chain molecular weight between PMN and ALM were noted which could account for the PMN myosin ATPase activity. It is possible that limited proteolysis of both PMN kinase and leukocyte myosins could account for the observed differences in myosin activities and Ca++ independency of the kinase in spite of the use in this study of protease inhibitors. In support of such a mechanism, the calmodulin-dependent cyclic adenosine 3'3'-monophosphate phosphodiesterase from bovine brain may be converted to an active, calmodulinand calcium-independent form by proteolytic degradation (12) . It is also possible that the leukocyte myosin light chain kinase is truly independent of Cat+ as has been observed with a kinase derived from cultured aortic smooth muscle cells
(4).
The identification of actin and myosin and related proteins in eukaryotic cells raises questions as to the mechanisms involved in the control of these proteins. The results obtained in this study indicate that phosphorylation of the 20,000 daltons light chain may have a crucial role in regulating actin-myosin interaction in phagocytic cells.
